In prokaryotes and eukaryotes, most genes appear to be transcribed during short periods called transcriptional bursts, interspersed by silent intervals. We describe how such bursts generate gene-specific temporal patterns of messenger RNA (mRNA) synthesis in mammalian cells. To monitor transcription at high temporal resolution, we established various gene trap cell lines and transgenic cell lines expressing a short-lived luciferase protein from an unstable mRNA, and recorded bioluminescence in real time in single cells. Mathematical modeling identified gene-specific on-and off-switching rates in transcriptional activity and mean numbers of mRNAs produced during the bursts. Transcriptional kinetics were markedly altered by cis-regulatory DNA elements. Our analysis demonstrated that bursting kinetics are highly gene-specific, reflecting refractory periods during which genes stay inactive for a certain time before switching on again.
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In prokaryotes and eukaryotes, most genes appear to be transcribed during short periods called transcriptional bursts, interspersed by silent intervals. We describe how such bursts generate gene-specific temporal patterns of messenger RNA (mRNA) synthesis in mammalian cells. To monitor transcription at high temporal resolution, we established various gene trap cell lines and transgenic cell lines expressing a short-lived luciferase protein from an unstable mRNA, and recorded bioluminescence in real time in single cells. Mathematical modeling identified gene-specific on-and off-switching rates in transcriptional activity and mean numbers of mRNAs produced during the bursts. Transcriptional kinetics were markedly altered by cis-regulatory DNA elements. Our analysis demonstrated that bursting kinetics are highly gene-specific, reflecting refractory periods during which genes stay inactive for a certain time before switching on again.
P olymerase II-mediated transcription of mammalian genes is a complex process consisting of several consecutive steps (1) . Studies in prokaryotes (2-4), yeast (5) (6) (7) , and higher eukaryotes (8) (9) (10) (11) have suggested that genes are transcribed in a discontinuous fashion, resulting in stochastic production of RNA and protein molecules. Stochastic gene expression has been linked to phenotypic variability, for example, in the resistance to antibiotics in bacterial populations or in the control of developmental transitions in metazoans (8, (12) (13) (14) . Transcriptional bursts can be abstracted in the random telegraph model of gene expression (2, 9, (15) (16) (17) , whereby transcription switches between "on" and "off " states (Fig. 1A) . We monitored transcription kinetics by single-cell time-lapse bioluminescence imaging of mouse fibroblasts expressing a short-lived luciferase reporter gene controlled by endogenous loci, circadian regulatory sequences, or artificial promoters (Fig. 1B) . Mathematical modeling allowed us to reconstruct temporal changes in mRNA and protein copy numbers as well as the gene activity state ("on" or "off " ) at a resolution of 5 min over extended time periods.
Our strategy to monitor transcription is based on the following principle: If both the mRNA transcribed from a gene and its protein product are short-lived, the fluctuations of protein expression should closely reflect the transcriptional bursting kinetics (Fig. 1A) . Although this approach cannot capture abortive transcription events, it should reflect the production of mature mRNAs. We engineered a short-lived nuclear luciferase (NLS-luc) encoded by a short-lived mRNA, and fused it to blasticidin deaminase, separated by the 2A peptide of foot-and-mouth disease virus, to generate two polypeptides from one coding sequence (18) (Fig. 1B) . This cassette was integrated into three types of constructs: (i) a gene trap (GT) lentivector, allowing transcription to be controlled by the endogenous locus at the insertion site (19) monoclonal NIH-3T3 cell lines. We also isolated primary mouse fibroblasts from heterozygous and homozygous Per2::luciferase knock-in mice (22) . Throughout the recordings, we used nondividing cells to minimize confounding noise sources. All cell lines are listed in table S2. Figure 1C and fig. S1A show examples of temporal bioluminescence profiles for the cell lines mentioned above. Examination of these data by wavelet analysis (21) revealed frequency spectra characteristic for each cell line ( fig. S2 ). As translation is invariably initiated at the internal ribosomal entry site (IRES), discontinuous translation was unlikely to account for the observed differences in temporal bioluminescence profiles. To confirm the transcriptional origin of discontinuous luciferase expression, we blocked transcription in three different cell lines and observed a smooth decay of the luminescence signal in all cells (21) (fig. S3 ). Next, we generated a cell line containing a single transgene that specified a mRNA harboring 24 repeats of MS2-binding sites in its 3′ untranslated region (21) whose transcription is driven by two CCAAT boxes. Transcriptional bursting was confirmed by discontinuous appearance of spots in the nucleus upon expression of a yellow fluorescent proteintagged MS2 (fig. S4) .
To further specify the kinetic model, we measured protein and mRNA stabilities by observing luminescence decays in cell populations after translation or transcription inhibition, respectively (21) (fig. S5 ). The photon emissions were calibrated to luciferase protein concentrations by correlating the mean numbers of photons generated by a cell to the mean number of luciferase molecules per cell. This was accomplished for five cell lines spanning a range of expression levels by comparing luminescence emission for a known number of cells with that from a recombinant luciferase having the same specific activity as NLS-luc (21) (fig. S6 ). Knowing the number of molecules per cell, we imaged single cells under conditions used for the time-lapse imaging experiments ( fig. S6A ) to calibrate photon emission versus protein copy numbers. We also calibrated the number of mRNA molecules using real-time quantitative polymerase chain reaction ( fig. S7) (21) . These calibrations enabled us to develop a stochastic model to quantitatively analyze the data. We computed the probability of the time traces according to the random telegraph model, and computed optimal model parameters using a maximum likelihood approach. We estimated that switching rates between the "on" and "off " gene activity states (k on and k off ), the transcription (k m ) and translation (k p ) rates ( fig. S8) . To visualize the kinetic parameters of transcription for each gene, we plotted k m against k on and k off . These parameters fell into clear clusters for each cell line, thereby confirming that the kinetic signatures were highly gene-specific (Fig. 1, D and E). Mean burst sizes (i.e., the mean number of transcripts produced per burst) (Fig. 1F and  fig. S9B ) were in the range of previous quan- 5, 9, 10, 23) . To verify that the transcription rate of the tagged mRNA reflected that of the untagged allele, we measured the amount of Ctgf mRNA in the GT:ctgf cell line (21) and obtained a relative transcription rate of 88 T 3% as compared to the tagged Ctgf allele. Hence, the insertion of a luciferase cassette did not markedly affect the Ctgf transcription rate.
Our model could also reconstruct the most probable temporal sequence of protein accumulation, mRNA accumulation, and gene activity states ( Fig. 2A and fig. S9A ). From this, we computed the distributions of time intervals during which the gene remained "on" and "off," respectively. The "on" intervals followed exponential distributions, suggesting a first-order offswitching of gene transcription (Fig. 2B and fig.  S9C ). In contrast, the "off " intervals showed a local maximum that was best described by assuming two sequential exponential processes, indicating a refractory period in the "off " state before the gene can be switched on again (Fig.  2C and figs. S9D and S10A). The burst frequency and size of the circadian genes Bmal1a/b, Dbp, and Per2::luc oscillate during a circadian cycle ( fig. S11) , and we observed a clear phase advance of the former as compared to the latter in the Bmal1a/b and Dbp cell lines ( fig. S11) . Therefore, burst size and frequency can be uncoupled during up-and down-regulation of a gene.
We next investigated the role of promoter architecture, previously reported to affect on-and off-switching of gene activity in yeast (24) . To keep the genomic environment invariable, we used NIH-3T3 Flp-In cells to engineer cell lines carrying a single copy of a different artificial construct at the same genomic locus (21) . To drive NLS-luc expression, the transgenes contain one or two CCAAT boxes (25) of different affinities for the ubiquitously expressed NF-Y transcriptional activator upstream of a TATA box, (21) (table S1). We generated and analyzed a total of eight different cell lines in which the overall strength of the artificial promoters correlated with both the number of CCAAT boxes and their affinity for NF-Y ( fig. S12) . Indeed, using two CCAAT boxes instead of one, or choosing CCAAT boxes of higher affinity for NF-Y, increased the mean burst sizes (Fig. 3C, x axis) . This reflected mainly an increase in the number of transcripts produced during the "on" times, because the duration of "on" times was largely unaffected (Fig. 3A) . In addition, the decrease in the duration of "off " intervals ( Fig. 3B and fig. S10A ) resulted in a higher percentage of activity time in the presence of two CCAAT boxes ( fig. S10B) .
Finally, we investigated the effect of histone acetylation and chromosomal location on transcription kinetics (Fig. 4) , as chromatin environment plays a major role in gene activity (9, 12, 26) . First, we blocked histone deacetylation in four cell lines with trichostatin A (TSA) and recorded single-cell luminescence traces. This treatment abolished the circadian component of the Bmal1a cell line, yet did not drastically affect general aspects of the bursting patterns ( fig. S13 ). In addition, the values for k on and k off were preserved for Bmal1a as well as GT:NcKap1 ( fig. S8 ). In contrast, GT:Prl2c2 and H1 had markedly altered transcription rates ( fig. S8 ) and burst sizes (Fig.  4C ) in the presence of TSA, but discontinuous gene activity persisted. Thus, although TSA leads to a spectrum of responses, the qualitative bursting characteristics were not strongly affected. Furthermore, the different chromosomal insertion sites of the transgene in the Bmal1a and Bmal1b cell lines did not markedly influence the temporal activity profiles (Fig. 1, C and F, and figs. S1A and S9B). These results suggest that the chromatin environment plays a secondary role in shaping bursting patterns.
Our findings show that the bursting kinetics of single-allele mammalian genes measured in individual cells at high temporal resolution are highly gene-specific. Cis-acting regulatory elements play a dominant role in shaping transcriptional kinetics. 
